The chemotactic response of wild-type Pseudomonusputidz and P. tofausii, and a phenotypic variant of each species, to Agaricus bisporus m ycelial exudate was examined. Both P. putidu, the bacterium responsible for initiating basidiome development of A. bisporus, and P. tofaasii, the causal organism of bacterial blotch disease of the mushroom, displayed a positive chemotactic response to Casamino acids and to A. bisporus mycelial exudate. The response was both dose-and time-dependent and marked differences were observed between the response time of the wild-type strains and their phenotypic variants. Phenotypic variants responded rapidly to both attractants and reached a maximum response after 10-20 min, whereas the wild-types took 45-60 min. The differences are partly explained by the more rapid swimming speed of the phenotypic variants. Both variants responded maximally to similar concentrations of Casamino acids and mycelial exudates. Investigations into the nature of the attractants contained in the mycelial exudate indicated that they are predominantly small (M, < 2000) thermostable compounds. Sugars present in the exudate did not elicit a chemotactic response in any isolate, but a mixture of 14 amino acids detected in the exudate accounted for between 50 and 75 % of the chemotactic response of the fungal exudate.
Introduction
Chemotaxis, the ability of a motile cell to respond to changes in its chemical environment by altering its pattern of motility, is a common attribute of many bacteria. This behavioural response provides bacteria with a means of locating nutrients and avoiding harmful environments (Chet & Mitchell, 1976) . Chemotaxis plays an important role in microbial interactions and in colonization of the surfaces of plant roots (Currier & Strobel, 1977; Gitte et al., 1978; Heinrich & Hess, 1985; Bashan, 1986; Gafny et al., 1986; De Weger et al., 1987) , seeds (Scher et al., 1985) and fungal propagules (Arora et al., 1983; Lim & Lockwood, 1988) . Such colonization is often necessary before a bacterium can exert a physiological effect on its 'host'.
Bacteria, particularly members of the genus Pseudomonas, markedly affect the growth and development of the cultivated mushroom, Agaricus bisporus. Pseudomonads exert their influence primarily during the reproductive phase of growth, which occurs within a watersaturated, nutrient-depleted layer of peat and lime, t Present address: NERC Institute of Virology 8c Environmental Microbiology, Mansfield Road, Oxford OX1 3SR, UK. known as the casing layer. Pseudomonads inhabiting this environment include beneficial saprophytic organisms, such as P . putidu, which provides A . bisporus with the stimulus necessary to 'trigger' basidiome initiation (Eger, 1961; Hayes et al., 1969; Rainey et al., 1990; and pathogens, such as P. tolaasii, the causal organism of brown blotch disease (Tolaas, 191 5) .
A porous, water-saturated environment, such as the casing layer, provides ideal conditions for bacterial migration (Griffin & Quail, 1968; Madsen & Alexander, 1982; McCoy & Hegedorn, 1979) . Soil inhabiting, fluorescent pseudomonads are known to exhibit chemotaxis toward a range of chemical stimuli, including sugars (Lynch, 1980) , amino acids (Scher et al., 1985) , organic acids (Cuppels, 1988) and aromatic acids (Harwood et al., 1984) . Hyphal and spore exudates have been shown to provide growth substrates for bacteria (Lockwood, 1968; Siala & Gray, 1974) and A . bisporus mycelium is known to produce compounds which can be used by pseudomonads for growth (Hayes et al., 1969; Hayes & Nair, 1976) . Exudates of Pythium debaryanum mycelium are reported to attract a predatory fluorescent pseudomonad (Chet et al., 1971) and exudates of fungal propagules are attractants for Pseudomonusputida and P. fluorescens (Arora et al., 1983; Lim & Lockwood, 1988) . Khalil & Gray (1986) reported chemotaxis of Bacillus subtilis to fungal exudates of Penicillium decumbens. It is likely that A. bisporus mycelium may also exude compounds which serve as attractants for bacteria.
Phenotypic variation in Pseudomonas is a common phenomenon, but with the exception of instances where phenotypic variation is associated with loss of virulence (Kelman, 1954; Cutri et al., 1984; Govan & Harris, 1986; Gerwe et al., 1987; Kamoun & Kado, 1990) , its significance is frequently overlooked. The commonly produced phenotypic variant of P. tolaasii is nonpathogenic and recent work indicates that it possesses characteristics which may render it more suited to survival in a nutrient-poor environment than the wildtype form (Rainey, 1989a) . The phenotypic variant of P.
tolaasii shows greater tolerance to sudden nutrient shock, forms larger-diameter swarms on semi-solid agar, produces larger amounts of siderophore and respires at a faster rate than the wild-type form. In addition, adherence of the variant to A. bisporus mycelium is poor and production of tolaasin, the toxin secreted by the wild-type form (Peng, 1986; Nutkins et al., 1991) , is down-regulated (Cutri et al., 1984 ; P. B.
Rainey & C. L. Brodey, unpublished) . P. putida also produces phenotypic variants, but they are not affected in their ability to promote basidiome initiation (Rainey, 1989a) . Phenotypic variants of P. putida also appear better suited to nutrient-poor environments and display characteristics similar to those described for P. tolaasii (Rainey, 1989a) .
This study was undertaken to determine whether hyphal exudates of A. bisporus contain a source of chemoattractants for P. putida and P. tolaasii and whether differences exist in the chemotactic behaviour of the wild-type forms and a phenotypic variant of each species. An accompanying paper considers attachment of these bacteria to A. bisporus mycelium .
Methods
Strains andgrowth conditions. A commercial A. bisporus strain ('Horst U3', Somycel) was used; it was maintained on washed, commercial mushroom compost at 4 "C (Rainey et al., 1990) . Growth of A. bisporus in preparation for exudate collection was in 250 ml flasks containing 20 ml compost malt medium broth (CMM; Rainey, 19896) . The flasks were incubated at 25 "C without shaking for 14 d, by which time the fungal mat had colonized the surface of the medium.
P.putida(PMSI 18S)and P. tolaasii(PMS117S) were isolatedfrom A. bisporus mycelium and a diseased mushroom cap, respectively. Both were identified using conventional biochemical methods and the 'white line in agar' test was used to check for toxin production by P. tolaasii (Wong & Preece, 1979) . A spontaneously produced phenotypic variant from each species was isolated from sectored wild-type colonies after several days growth on King's medium B (KB) (King et al., 1954) at 28 "C. The phenotypic variants derived from P. putida PMSl18S and P.
tolaasii PMSl17S were designated PMS118R and PMSl17R, respectively. Colonies of both phenotypic variants are morphologically distinct from their respective wild-type colonies : the phenotypic variant form of P. putida has a darker buff colouration and is less mucoid, while the phenotypic variant of P. tolaasii is translucent, in contrast to the opaque wild-type form. Production of these variants also occurs in sterile peat casing material (Rainey, 1 9 8 9~) and reversion to the originally isolated form has been observed in P. tolaasii, but not in P. putida (P. B. Rainey & S. I. S. Grewal, unpublished) . Isolates were stored at -70 "C in nutrient broth/20% (v/v) glycerol, or in 1/100-strength KB broth at room temperature, and were streaked on plates of KB before experimentation to check for the presence of contaminating colonial variants.
Before conducting chemotaxis assays each culture was enriched for actively motile cells as described by Adler (1973) , by allowing cells to swarm on 1/10 of the initial strength KB, solidified with 0.3% agar.
Anaysis of motility. This was done using the computerized imageprocessing system described by Poole et al. (1988) . Additional analysis was by direct observation of wet fields using a light microscope equipped with phase-contrast optics. Bacteria for analysis were prepared as for chemotaxis assays (see below) and after washing were suspended in 10 mM-potassium phosphate buffer (pH 7.0).
Preparation of exudates. Exudates were prepared using a method similar to that described by Chet et al. (1971) . The fungal mat was washed carefully, five times, under sterile conditions, in 10 mMpotassium phosphate buffer (pH 7.0) by pouring 100 ml buffer into the flask and gently agitating for 10 min. After the final wash, the mycelial mat was incubated overnight (16 h) without shaking, at 25 "C, in 50 ml 10 mwpotassium phosphate buffer (pH 7.0). The buffer containing mycelial exudates was then passed through a 0.22 pm filter and stored in the dark at 4 "C, and used as a source of chemotactic substances. Exudate was concentrated by freeze-drying and rehydrated in sterile distilled water. For diagnostic purposes, the exudate was autoclaved (15 min, 120 "C, 1.2 atm) and/or dialysed (M, 10000 and M, 2000 exclusion tubing) against distilled water for 24 h at 4 "C. Controls of 100-fold-diluted CMM were used. Casamino acids were dissolved in 10 mwpotassium phosphate buffer (pH 7.0).
Amino acid and sugar analysis. Free amino acids present in the A. bisporus exudate were detected using an Alpha Plus amino acid analyser; a 56cm AA15 ion-exchange resin in 1 M-sodium citrate buffer was employed.
Sugars were detected using paper chromatography (Smith, 1960) . Concentrated lyophilized exudates were spotted alongside 10 mwsugar standards onto 45 x 57 cm Whatman filter paper no. 1 and chromatographed in ethyl acetate/pyridine/water (8 :2 : I, by vol.) for 30 h. The paper was dried at room temperature and stained with silver nitrate/sodium hydroxide reagent (Churms, 1982) . Spot colours and RF values were compared with standards. The concentration of sugars was estimated by comparison of the colour and intensity of spots with standards of different concentrations.
Preparation of bacteria for in vitro chemotaxis assay. Bacterial isolates were grown overnight (I6 h) at 28 "C in L broth with vigorous aeration. Cells were harvested by brief centrifugation (8000 r.p.m., 5 s, 4 "C), washed twice with cold (4 "C) 10 mwpotassium phosphate buffer (pH 7.0) and resuspended in 10 ml cold chemotaxis buffer (10 mMpotassium phosphate buffer, pH 7.0, containing 0-1 mM-EDTA) (Adler, 1973) to an ODboo of 0-2. Cells were maintained on ice until required for experimentation. Motility was checked microscopically before performing an experiment and only cell suspensions containing more than approximately 80% motile cells were used for experimentation. Neither cell type showed any tendency to aggregate.
In titro chemotaxis assay. The assay system used to quantify the chemotactic response was essentially that described by Adler (1973) . A U-shaped glass tube (3 mm diameter) was placed between a clean sterile glass slide and a cover slip, forming a small chamber into which a suspension of bacteria in chemotaxis buffer was introduced. The entire assembly was placed in a humid chamber at 25 "C to prevent evaporation of the solution. The attractant was drawn into a sterile 1 p1 glass capillary tube which had been sealed at one end by heating and left for 30 min at 25 "C before introducing the capillary tube plus attractant into the bacterial suspension. After the appropriate incubation period (30-60 min) the capillary tube was removed from the chamber, wiped carefully with filter paper to remove excess bacterial suspension, and broken at the sealed end. The contents were ejected, using a modified Pasteur pipette bulb, into 1 ml phosphate-buffered saline (PBS; Na,HPO, 7 g I-', KH2P0, 3 g I-', NaCl4 g 1-I, MgSO,. 7 H 2 0 0.2 g I-') and appropriate dilutions made. The number of bacteria contained within the capillary tube was determined using the counting method of Miles & Misra (1938) ; ten 20 pl drops for each dilution were spotted on I-d-old nutrient agar plates containing 0.3 % yeast extract and c.f.u. noted after 24 h incubation at 28 "C.
Qualitative estimation of' the chemotactic response toward amino acids and sugars detected in thefungal exudate. This was done using a phasecontrast microscope ( 100 x total magnification) to monitor migration of bacteria in capillary assays. Amino acids were dissolved in 10 mMpotassium phosphate buffer (pH 7.0) to a concentration of 30 p~ and sugars were dissolved in the same buffer to concentrations of 1, 10 and 1 0 0 m~. The chemotactic response was estimated after 30min. A dense mass of bacteria within the capillary tube was scored '+ +' 
Results
In the absence of an attractant, free-swimming bacteria of each cell type showed rapid, unidirectional swimming punctuated by abrupt changes in direction. Changes in direction did not appear to be accompanied by tumbling motion and cells in contact with the glass surface moved in a counterclockwise direction when viewed from above. Cell speed varied from a few pm s-l to a maximum of 80 pm s-* for the wild-type forms of both species (PMSl18S and PMSll7S) and 100 pm s-1 for the phenotypic variants (PMS118R and PMSl17R). Stopping frequencies also varied, ranging from stops every few seconds to stops after several minutes of rapid motility. The duration of stops between runs ranged from less than 1 s to several minutes. Long pauses were most noticeable in the phenotypic variant forms. Computer analysis of the swimming speed of 100 randomly chosen bacteria of each cell type showed that phenotypic variants of both P. putida and P . tolaasii were capable of greater swimming speeds than the wild-type forms. Less than 10% of wild-type P. putida cells moved with a speed of greater than 60 pm s-I, while more than 30% of the phenotypic variant cells moved with a speed in excess of 60 pm s-l. Similar results were recorded for P . tolaasii, where only 5% of the wild-type population, but 25% of the phenotypic variant population, reached swimming speeds greater than 60 pm s-l .
Each isolate of P . putida and P. tolaasii displayed a marked positive response toward Casamino acids and A . bisporus exudate (Figs 1 and 3) . P. putida PMSll8S and PMS 1 18R, and P . tolaasii PMS 1 1 7 s showed a maximum response to 0.1 % (w/v) Casamino acids, while P . tolaasii PMSl17R responded maximally to 0.01 % (w/v) Casamino acids. The spontaneous phenotypic variants (PMS118R and PMSll7R) showed a rapid response S . I. S. Grewal and P . B. Rainey toward Casamino acids, reaching a maximum after 20 min, whereas the wild-type forms (PMSl18S and PMS117S) took between 45 and 60 rnin (Fig. 2) . The decreased response shown by all isolates after peaking was probably a result of steadily increasing numbers of bacteria within control capillaries and migration of bacteria from the treatment capillaries toward the more oxygen-replete environment outside the capillary (Van der Drift & De Jong, 1974) . Elimination of the gradient between the inside and outside of the capillary due to diffusion of attractant from capillaries may also have been responsible for the decline.
A. bisporus standard exudate (before freeze-drying) contained 0.7 mg dry matter ml-l. Both phenotypic variants of P . putida and P . tolaasii responded optimally to between five-and tenfold-concentrated exudate, although a response was observed to both onefold and 0.1 -fold-concentrated exudate (Fig. 3) . The response toward fivefold-concentrated exudate was rapid, particularly in the case of the phenotypic variants, PMSl18R and PMSl17R, which reached a maximum response after 10 min (Fig. 4) . Heat-treated exudate did not lose its ability to attract bacteria; in fact, in each instance, the response to heattreated, fivefold-concentrated exudate was greater than the response to untreated exudate (Fig. 5) . Dialysed and dialysed/heat-treated exudate failed to attract either colonial variant of P. tolaasii, but P . putida PMSll8S and PMS 1 18R showed some attraction toward exudate that had been dialysed in M , 2000 exclusion tubing. P . putida PMSl18R also displayed a weak response toward exudate that had been heat treated and then dialysed in M , 2000 exclusion tubing (Fig. 5) .
Glucose, mannose and rhamnose were the only sugars detected in 25-fold-concentrated exudate and their approximate concentrations (in 25-fold-concentrated exudate) were 12.5, 5.0 and 1.0 mM, respectively. N o chemotactic response was observed toward these sugars at concentrations of 1, 10 or 100 mM.
Amino acid analysis of 25-fold-concentrated exudate revealed the presence of 17 amino acids. In fivefold- responded optimally), 14 amino acids were present at concentrations ranging from 1.3 to 5.1 p~ (Table 1) . With the exception of arginine and glutamic acid (and lysine for P . putida), all the amino acids acted as weak attractants at a concentration of 3 p~ (the average concentration of amino acids in fivefold concentrated exudate). Arginine, glutamic acid and lysine were not repellents. A stronger response was observed toward 3 0 p~ concentrations of each amino acid (with the exception of those noted above) (Table 1) . No isolate showed any response toward ammonia (20 pwammonia in 10 mM-potassium phosphate buffer, pH 7.0), which was present in the fivefold-concentrated exudate at a concentration of 19 p~.
These results suggested that no individual amino acid was likely to account for the attraction of P . putida and P . tolaasii toward fivefold-concentrated exudate. The possibility that a mixture of the amino acids may stimulate a bacterial response of similar magnitude to that stimulated by fivefold-concentrated exudate was therefore investigated. A 3 pM-mixture of each amino acid present in the fivefold-concentrated exudate stimulated a chemo- tactic response in both P . putida PMS118S and PMS118R, which was 50% of that stimulated by fivefold-concentrated exudate (Fig. 6) . The same mixture stimulated a chemotactic response in P . tolaasii PMS117S and PMS117R which was 75% of that stimulated by fivefold-concentrated exudate (Fig. 6) . The response of isolates to a 3 0 p~ mixture of amino acids was similar to the response to fivefold-concentrated exudate (Fig. 6 ).
Chemotaxis of pseudomonads to A . bisporus exudate

Discussion
Two pseudomonads frequently found in association with A. bisporus, P . putida and P . tolaasii, were attracted to S . I . S . Grewal and P . B . Rainey Casamino acids and mycelial exudate of the fungus, in vitro. In each instance the chemotactic response was dose-and time-dependent. The motile behaviour of each cell type was similar to that described by Harwood et al. (1989) for P . putida PRS2000, and phenotypic variant cells swam more rapidly than the wild-type forms.
Heat treatment and dialysis of the exudate revealed that low-M,, thermostable compounds are a source of attractants. Analysis of the exudate revealed the presence of three sugars and a range of free amino acids. None of the sugars were chemo-attractants, and individual amino acids were weak attractants at the concentration found in fivefold-concentrated exudate. However, a mixture of 14 amino acids (each present at 3 p~) accounted for approximately 50% of the fungal exudate attractiveness for P. putida and approximately 757; of the fungal exudate attractiveness for P . tolaasii. The nature of the unidentified chemo-attractant(s) present in the fungal exudate is not known, but it is possible that a range of other compounds, including organic and aromatic acids (Cuppels, 1988; Harwood et al., 1984) may be present. Scher et al. (1985) also failed to observe chemotaxis by a fluorescent pseudomonad toward sugars present in soybean seed exudate, but found a positive chemotactic response to a range of amino acids, some of which produced a chemotactic response equal to that of the seed exudate. The enhanced attractiveness of the heat-treated exudate may be due to the presence of heat-labile repellents, perhaps bacteriolytic enzymes (Grant et al., 1984) , or other heat-labile antimicrobial compounds produced by A . bisporus mycelium (Claydon, 1985) . Heat treatment may also lead to an increased concentration of attractants as a result of hydrolysis of peptides and complex molecules. Rainey (1989a) noted differences in the diameter of swarms formed by wild-type isolates of P . putida and P . tolaasii and their respective phenotypic variants, on semi-solid agar. This work has shown that phenotypic variants of P . putida and P . tolaasii are able to respond to chemotactic gradients more rapidly than the originally isolated forms. Phenotypic variants of P . solanacearum (Kelman & Hruschka, 1973) and Xanthomonas campestris (Kamoun & Kado, 1990) are also reported to behave in this manner. The more rapid chemotactic response shown by the phenotypic variants is likely to be due in part to their faster swimming speed; however, other factors such as metabolic/respiration rate, surface properties and number and location of chemoreceptors may also be important.
In the moist, nutrient-poor mushroom casing layer, leakage of hyphal contents by A . bisporus, and/or production of metabolites, would create nutrient gradients to which chemotactic bacteria could respond. The ability of P. putida and P. tolaasii to move toward these nutrient sources may provide them with a distinct survival advantage (Heinrich & Hess, 1985; Ames & Bergman, 1981) and may also aid colonization of mycelium. The ability of the phenotypic variants to respond more rapidly to nutrient gradients may confer upon them an additional advantage and is consistent with the hypothesis that these forms are more suited to survival under nutrient-stressed conditions, where the ability to locate new and favourable niches is of prime importance (Rainey, 1989a; Kamoun & Kado, 1990) . The slower chemotactic response of the originally isolated forms suggests they may not survive so well under nutrient-depleted conditions. Instead, they may be suited to nutrient-rich environments, such as the surface of A . bisporus mycelium, from where they were isolated. Under these conditions the ability to respond rapidly to nutrient gradients may not be an advantage and greatest nutritional benefit would probably be gained by remaining firmly attached to the mycelium and utilizing leaked and/or exuded nutrients (Lockwood, 1968) , and/or nutrients liberated from hyphae by the membranedisrupting toxin, tolaasin .
The ecological significance of phenotypic variation awaits full elucidation, but it is possible that it represents an expression of each cell's ability to adapt to a range of environmental conditions. Further work on the genetics of phenotype switching and on the ecology of these variants will help to determine the precise role of these forms in the environment.
